ABSTRACT This 2 × 2 factorial experiment aimed to investigate the effects of stimulating foraging behavior from wk 6 and imposed stress at wk 16 on the development of severe feather pecking (SFP) in chickens reared for free-range egg production. Non-beak-trimmed ISA Brown chicks were purchased at one day old and floor-reared on wood shavings. From wk 6, straw was provided daily in dispensers (Forage vs. No forage) to stimulate foraging. At wk 15, there were 16 pens of 50 pullets. "Stressors" were applied to half the pens in wk 16 via combined transport, relocation, and mixing (TRM) of pullets, simulating activities around transfer from the rearing to egg-laying farm (TRM vs. Not TRM). Range access was permitted from wk 21. Behavior, plumage damage (PD), growth, egg production, feed use, injuries, and mortalities were recorded, along with litter moisture and pH. In wk 26, an SFP outbreak commenced. By wk 34, PD was worse in south-than north-aspect pens (P < 0.001). Further, PD was more affected by side of the shed than the experimental treatments. In wk 30, an outbreak of injurious pecking (IP) commenced in the 4 TRM-treatment pens on the south side, with IP deaths almost 3 times more common in the Forage+TRM than No forage+TRM treatment. We suggest factors associated with a 13-day rainfall event that occurred in late winter predisposed the flock to SFP. While multiple factors such as winter cold, muddy ranges, damp floor litter with elevated pH, among others coincided, hens were clearly more impacted in souththan north-aspect pens. Once initiated, SFP possibly spread via social learning, and by wk 40, ∼98% of hens had PD. Interestingly, the IP outbreak was related to a combination of factors (stressors?), such as being housed in colder, damper south-aspect pens (note: southern hemisphere), having added Forage, and TRM. These unexpected relationships could help direct future research to identify the specific factors involved in the causation of SFP and IP/cannibalism outbreaks.
INTRODUCTION
In Australia, as in other developed countries, egg production from laying hens (Gallus gallus domesticus) is shifting away from cage housing to lower confinement systems such as free-range and barn-lay (AECL Report, 2015 ). An aspirational driver of change has been to improve hen welfare (Blokhuis et al., 2007) , and most consumers believe that free-range hens have better welfare than caged hens (Pettersson et al., 2016) . However, despite best intentions to improve hen welfare by adopting lower-confinement systems, farmers are aware C 2018 Poultry Science Association Inc. Received November 21, 2017. Accepted January 12, 2018. 1 Corresponding author: greg.cronin@sydney.edu.au of limitations with such systems. For example, nonconfined hens may have poorer health and lower productivity, which are potential disincentives for capital investment (e.g., van Asselt et al., 2015; Swanson et al., 2015; Zhao et al., 2015; Elkhoraibi et al., 2017) . A major on-going concern is the occurrence of severe feather pecking (SFP) behavior, and although the problem occurs unpredictably in all housing systems, outbreaks in non-cage systems are more problematic due to greater difficulty of intervention (Rodenburg et al., 2012) . If persistent, SFP results in plumage damage (PD), and bare skin may be exposed, which often attracts pecking that may result in wounding or injurious pecking (IP) and subsequently death from cannibalism (Allen and Perry, 1975; Savory, 1995; Kjaer and Sørensen, 2002) . Hughes and Duncan (1972) reviewed much early literature on this topic (viz., from Oettel (1873) onwards), then conducted a systematic investigation of the possible factors initiating SFP and cannibalism in caged layers. However, Hughes and Duncan (1972) were unable to identify the causative factor(s) of pecking damage. Indeed, over the subsequent decades, this topic has been extensively researched and reviewed, without solution (e.g., see reviews by Jones et al., 2004; Kjaer and Bessei, 2013; Rodenburg et al., 2013; Hartcher et al., 2016a) .
Severe feather pecking results in breaking off part, or pulling out the whole plume (e.g., Keeling, 2000, 2002) . These authors reported that PD from SFP is commonly noticed first around the base of the tail and on the rump, i.e., near the uropygial (preen oil) glands. If the removal of feathers persists, SFP is considered a behavioral vice (Vestergaard et al., 1993) or even a stereotypy (Korte et al., 2009) . For the individual hen, forceful extraction of feathers causes pain and fear in the recipient (Gentle and Hunter, 1990) . However, the problem may escalate to the flock level, because damaged feathers and bare skin often attract further pecking (McAdie and Keeling, 2000; Nicol et al., 2001) , and the behavior may spread by observational learning (e.g., Zeltner et al., 2000; . Hence, intervention to stop outbreaks is difficult, especially in non-caged flocks. In addition, removed feathers also may be ingested (McKeegan and Savory, 2001; Hartcher et al., 2016b) , potentially reinforcing and perpetuating the behavior via a (food) reward. Blokhuis and Arkes (1984) , Vestergaard et al. (1993) , and Savory (1995) indicate that SFP is distinct from aggressive pecking. Similarly, "gentle" and "mild" feather pecking also differ from SFP and are possibly motivated by inquisitiveness or exploration (Hughes and Buitenhuis, 2010) . In their studies of jungle fowl, Vestergaard et al. (1993) defined gentle and mild feather pecking as allopreening behavior, which is an aspect of social behavior.
The enduring nature and extent of the "SFP-PD-IP/cannibalism" problem for the commercial free-range egg industry is reflected in the large number of field studies published on the topic (among others, see: Huber-Eicher and Audigé, 1999; Green et al., 2000; Bestman and Wagenar, 2003; Nicol et al., 2003; Drake et al., 2010; Lambton et al., 2010 Lambton et al., , 2013 Gilani et al., 2013) . In a study of 44 free-range layer farms by Drake et al. (2010) , 10 flocks (∼23%) progressed to SFP by 40 wk, while Gilani et al. (2013) estimated that ∼65% of UK free-range flocks showed evidence of SFP. In Sweden, Gunnarssen et al. (1999) reported 62% of hens were feather pecked in flocks. Anecdotal reports in Australia suggest "outbreaks" of SFP and cannibalism occur in at least one-third of non-caged layer flocks. An unpublished survey of 15 free-range farms in 2014 by M. Singh (University of Sydney, Camden, NSW, Australia, personal communication) indicated about 70 and 35% of hens, respectively, had at least some PD around the tail/rump and back areas. Thus, while SFP is common on commercial farms, multiple causes are involved (Nicol et al., 2001 (Nicol et al., , 2003 Rodenburg et al., 2013; Bessei and Kjaer, 2015) . Further, the unpredictability of SFP outbreaks means that preventative management strategies will have lower efficacy. Apart from pain and fear associated with SFP, plumage loss also may adversely affect hen welfare via the hens' reduced ability to maintain body temperature, especially in cold weather. Plumage loss contributes to poorer feed conversion efficiency (Leeson and Morrison, 1978; Tauson and Svensson, 1980) , while the associated higher basal metabolic rate also may reflect increased stress load. Ultimately, an outbreak of cannibalism diminishes flock size, reducing overall egg production.
Beak trimming is a common and effective method to help improve plumage condition and prevent cannibalism in free-range hens (Hartcher et al., 2015a) . However, opposition to beak trimming exists on the grounds of adverse impact on hen welfare. Although guidelines on management to reduce SFP-PD-IP/cannibalism, such as FeatherWel (University of Bristol, 2013) and LayWel (Blokhuis et al., 2007) , are available, the unpredictable occurrence and lack of knowledge of the specific cause(s) triggering outbreaks of SFP and IP/cannibalism are problematic. Without understanding the cause(s) of this behavioral problem, the risk of SFP outbreaks remains significant, and the consequences in terms of reduced hen welfare, higher hen mortality, and lower egg production will persist. Clearly, further research is required to resolve this issue.
The main hypothesis used to explain the behavioral cause(s) of SFP relates to misdirection of foraging behavior. In commercial practice, layer chicks are typically reared in large groups and at high stocking densities. Compared to a "wild" (jungle) environment, commercial rearing environments may well lack variation in the range of stimuli present. Developmental consequences may result if exposure to relevant stimuli is limited during sensitive periods. That is, will chicks still establish "normal" behavioral patterns associated with foraging and pecking, or will they be predisposed to inappropriate pecking responses in later life? HuberEicher and Wechsler (1997) and Dixon et al. (2008) found that when motivation to perform foraging behavior is frustrated, pecking is directed away from appropriate to inappropriate substrates. The effects of stimulating foraging behavior in commercial chicks in early rearing (e.g., hatch to ∼6 to 8 wks) has been investigated in a number of studies (e.g., Wechsler, 1997, 1998) . Although the foraging substrates and the age when they were provided vary, studies de Jong et al., 2013; Hartcher et al., 2015a,b) support the hypothesis that the provision of litter/substrate increases appropriate pecking behavior, decreases inappropriate pecking behavior, and reduces the risk of SFP later in rearing as well as in adulthood (Blokhuis and van der Haar, 1989; Huber-Eicher and Wechsler, 1997 Wechsler, , 1998 Johnsen et al., 1998; Jones et al., 2004) . However, the experimental evidence is not always clear-cut. In some experiments, SFP and IP also occurred in the enriched treatments (Huber-Eicher and Wechsler, 1998; Johnsen et al., 1998; de Jong et al., 2013; Hartcher et al., 2015a,b) . Nevertheless, since the patterns of foraging and SFP involve pecking, interfering with the development of foraging behavior may assist in understanding the development (or causation) of SFP.
A second hypothesis explaining factors that predispose the development of SFP involves stress (Rodenburg et al., 2013) . Reduction in stress is recognized in the FeatherWel guide as an important component of pullet management, especially around the age when birds are transferred to the layer farm (Bestmann and Wagenaar, 2003; University of Bristol, 2013) . Korte et al. (1997) showed that birds from genetic lines selected for high compared to low feather pecking differed in behavioral coping styles and physiological stress reactions. Further, Vestergaard et al. (1993) found that feather peckers were more fearful than non-feather peckers and that the occurrence of feather pecking was higher in socially stressed birds, while Jones et al. (2004) reported that hens became "nervous" in the presence of featherpecking birds. Thus, while it has been concluded that stress may be a potential factor involved in the occurrence of SFP , stressors occur in different forms such as pain, fear, social stress, cold, etc., and may be additive (see McEwen, 2004) . A combination of stressors is typically imposed on commercial pullets at around 16 wk in the form of handling (pickup and placement in transport crates), transport via vehicle, and relocation to a new environment where pullets are unloaded and potentially mixed with unfamiliar birds. While the involvement of stress has been investigated in feather-pecked birds by El-Lethey et al. (2000 , these authors were unable to conclude whether elevated stress hormone concentrations preceded SFP, or vice versa. Retrospective analysis of corticosterone concentrations in eggs collected weekly from HyLine Brown hens in furnished cages by Cronin et al. (2011) found that corticosterone became elevated within cages soon after an outbreak of IP in the cage. Notably, egg corticosterone also was elevated in the neighboring cages, which supports the reports of McAdie and Keeling (2000) , Jones et al. (2004) , and Lambton et al. (2013) who concluded that IP (which may incorporate SFP) was stressful to pecked hens as well as those housed around them.
The present experiment therefore aimed to investigate the 2 main factors hypothesized to predispose SFP: foraging behavior and stress. Foraging behavior was stimulated from 6 wk of age by providing straw, and stressors typical of those experienced by pullets during transfer from the rearing to the layer farm were imposed at 16 wk. The first hypothesis tested whether increased foraging behavior results in better plumage condition. The second hypothesis tested whether increased stress increases the occurrence of "forceful" pecking behavior and reduces plumage condition.
MATERIALS AND METHODS

Animals, Housing, and Husbandry
All experimental procedures were conducted under approval of the University of Sydney Animal Ethics Committee and in accordance with the Australian code of practice for the care and use of animals for scientific purposes (National Health and Medical Research Council, 2013) .
Nine hundred day-old chicks (ISA Brown laying strain) were purchased from a commercial hatchery; the chicks were not beak trimmed. Upon arrival at the research site, the chicks were placed in an uninsulated shed that contained a total of 16 pens measuring 1.83 m × 3.25 m, arranged in 2 rows with a central aisle. A low-light video camera (Sony 1/3" CCD, CCTV Central, Mount Waverley, VIC, Australia) with wideangle lens (3.6 mm) and built-in infra-red LEDs was mounted ∼2 m above floor level on the rear wall of each pen enabling continuous video recording of bird activity (MSH video software program, M. Safro & Co., Riga). For additional information describing the research facility during a previous experiment, including a side-on profile diagram and photographs showing the slope of the outdoor ranges, see Cronin et al. (2016) . For the present experiment, the only modification to the shed involved lengthening the metal ramp under the southside veranda to decrease ramp slope between the pophole and the range. In so doing, the hens could not stand on the solid concrete base, which also served as a drain during rain. Pen floors inside the shed were solid concrete, covered with ∼5 cm-deep hardwood shavings.
Photoperiod, internal shed temperature, feed, water and, vaccinations were managed according to the recommendations in the ISA Brown Management Guide (2010) and the advice of a specialist poultry veterinarian (Assoc. Prof. P. J. Groves). The day-old chicks were housed on newspaper spread over the base of hardwood shavings, until the paper was removed on d 4. Thermostatically controlled heaters (250 Watt, Caldo Bello Brooder Heaters, Sydney, Australia) were suspended in each pen to maintain the chicks at ∼34
• C for the first 7 days. Temperature was reduced by 2
• C per wk until the heaters were removed at 5 weeks. Feed was provided in scratch trays and water via dispensers. At 6 wk, each of the 16 pens had about 56 chicks, and was then provided with a timber perch unit comprising 5 parallel perches (length: 125 cm; cross-section: 4 × 4 cm, with beveled edges). The top surface of the lowest perch was 25 cm above the concrete floor. Viewed in side-on profile, the top surface of each of the 4 higher perches was 20 cm above (i.e., vertical axis) and 20 cm distant (i.e., horizontal axis) from the perch below. Feed and water were provided ad libitum via a 25 kg Jumbo Feed Hopper (Protective Fabrications, Werombi, NSW, Australia) and a T-40 Bell Drinker (Tecnica e Innovaciones Ganaderas, S.A., Barcelona) in each pen (see Figure 1) . Commercial feed was provided as a crumble (Vella Stock Feeds, Sydney, Australia) and fed in 3 phases (starter: 1 to 42 d of age: 12.36 MJ, 22.70% CP, 1.14% Ca, and 0.69% P; grower: wk 7 to 17: 10.94 MJ, 18.18% CP, 1.90% Ca, and 0.55% P; and layer: wk 18 to 40: 11.89 MJ, 18.75% CP, 3.92% Ca, and 0.55% P).
At wk 15, the number of pullets per pen was reduced to 50 by removing surplus birds; pullets that looked undersized were removed; otherwise, surplus birds were chosen at random. Also at wk 15, nest boxes were opened for egg laying. Each pen had an SKA 10 Hole Rollaway Nest-Box Unit (Bellsouth Poultry Equipment, Narre Warren, VIC, Australia) consisting of 2 rows of 5 single-bird nests, above and below. The pullets accessed the nest boxes by jumping onto wooden perches situated across the front of the nest-box units, with one perch for the upper tier and 2 for the lower tier. Average illumination in the shed was 52 lux, and between wk 17 and 23, the photoperiod was increased weekly (from 12L:12D) to provide an additional 30 min of light until a photoperiod of 15L:9D was reached. At wk 21, the pop-holes to the outdoor ranges were opened. Since the ranges had overhead cover of wire mesh to prevent the pullets flying out and predators entering, the pop-holes remained open for pullets to move between their (indoor) pen and the respective (outdoor) range. Ranges measured 1.83 m wide × 10 m long.
Experimental Factors
Two experimental factors were applied: (1) added forage and (2) stressors associated with simulating the relocation of pullets from the rearing farm to the layer farm (viz. "flock assembly": Choudary and Craig, 1972) . The factors were applied in a 2 × 2 factorial arrangement with replication, blocked according to the side of the shed (north and south). Treatments were randomized to pens within blocks, and the experimental unit was the pen of hens. There were 2 replicates of each forage × stressor interaction treatment within each block. For all variables measured in the experiment, data were collected from all 16 pens within a time period.
Forage. From wk 6, one-half of the birds (8 pens) were provided with added forage in the form of straw (Forage), while the other 8 pens did not receive straw (No forage). Forage consisted of 200 g of chopped barley straw (mean length ± std dev: stem 14.6 ± 6.23 cm, n = 50; leaf 8.3 ± 4.49 cm, n = 50) provided daily in purpose-built self-dispensers that enabled pecking, grasping, pulling, and removal of the straw. Each No forage treatment pen had an identical but empty straw dispenser. The lower section of the dividing wall between adjacent pens was solid (∼25 cm high) to prevent straw from Forage pens entering No forage pens. Straw dispensers were made from plastic mesh formed into a cylinder (15 cm diam. × 50 cm long), and the base was a plastic disc. Dispensers were suspended via chain ∼5 cm above the litter and positioned ∼80 cm from the pen door, ∼50 cm from both the pen fence and edge of the feeder, and ∼45 cm from the lower nest-box perch (Figure 1 ). Prior to opening the pop-holes at wk 21, a second plastic mesh basket (v-shaped) was attached to the gate at the far end of each outdoor range. Forage treatment pens received an additional ∼100 g of straw daily in the outdoor baskets.
Transport, Relocation, and Mixing. At wk 16, 8 pens of pullets were placed in poultry transport crates (max. 8 birds per crate) and transported on the tray of a small truck for 35 to 40 min. Upon return to the freerange shed, the 8 groups of pullets were unloaded into different pens (i.e., "re-housing"), in which they were mixed 50/50 with both familiar and unfamiliar pullets (i.e., "re-grouping"). The new pens were otherwise identical in size and features compared to the original pens. This treatment is referred to as transport, relocation, and mixing (TRM), whereas the 8 pens of pullets that did not receive the TRM treatment are referred to as Not TRM.
Measurements
Direct Behavior Observations. In-situ behavior observations were conducted on each pen in wk 9, 20, 24, 27, and 30. At wk 9 and 20, the pullets were permanently indoors. The treatment comparison at wk 9 was Forage vs. No forage, while at wk 20 and thereafter, the comparison was Forage × TRM. Observations were conducted in ∼70-min sessions commencing at 0900, 1130, and 1400 h, timed using a stop watch. A session was defined as 64 observations, comprising 8 observations recorded for each of 8 pens on one side (block) of the shed. Sessions were conducted over 2 to 3 d in observation weeks. The starting pen for observation in each session was randomized, and the experimenter then moved sequentially along the row of pens. The order of observation was balanced between sides of the shed. In wk 9 and 20, experimenters worked independently to record bird behavior in their allotted 8 pens. However, once the pop-holes were opened, the 2 experimenters were required to work in tandem.
To commence an observation session, the experimenter stood quietly for 1 min in front of the first allotted pen to accustom the birds to the experimenter's presence. An instantaneous sampling technique (Martin and Bateson, 2007) was used, and the number of birds within (i) ∼0.5 m of the feeder, (ii) ∼0.5 m of the mesh basket, and (iii) on the perch unit were counted. This required ∼5 s to record. The identified areas represented ∼1.8 m 2 or about 45% of the pen floor area, while the latter (perch unit) enabled sampling to incorporate the vertical space. During the next 30 s, a one-zero sampling technique (Martin and Bateson, 2007) was used to count the incidences of specific behaviors by birds located within 0.5 m of the mesh basket. If a bird performed a behavior once, this was recorded as one event of that behavior; if the bird moved away more than 10 cm before performing the same behavior again, this was recorded as 2 occurrences. Finally, if 2 birds performed the same behavior, this was recorded as 2 events, and so on. The behaviors recorded were: (1) peck at the basket; (2) peck at the floor litter; (3) scratch in the floor litter; (4) forceful peck at conspecific (based on Savory, 1995: includes aggressive pecks, feather pulling, and tissue pecking); or (5) perform dust bathing. Forceful pecks at conspecifics (#4) were combined on the basis that the behaviors were relatively infrequent, typically of short duration, and produced an adverse outcome for the recipient hen. Behavior was recorded only around the mesh (forage) basket, as the experimenter could see this area clearly while standing still in front of the pen door. At the end of the time period, the observer quietly moved to the next allotted pen and at the start of the next minute, repeated the procedure. The procedure was performed 8 times per session. To facilitate observation around the mesh basket in the ranges (i.e., once the pop-holes were opened), the second experimenter stood ∼2 m outside the respective range area. Both observers maintained the same timing sequence for observations. Experimenter location (indoor vs. outdoor) was alternated between sessions. In wk 9 and 20, a total of 8 sessions was conducted with 2 sessions on the first d commencing at 1130 and 1400 h and 3 sessions per d on the second and third d commencing at 0900, 1130, and 1400 hours. In wk 24, 27, and 30, a total of 3 sessions was conducted over 2 d with sessions commencing at 0900, 1130, and 1400 hours.
Roosting in Front of the Nest Boxes After TRM at wk 16. Indirect observations of nighttime roosting were collated from the video records for the first 7 nights in all 16 pens after application of the TRM/Not TRM treatments. The number of hens per pen roosting on the perches in front of the nest-box units at 2300 h each night (i.e., 3 h after lights off) were counted.
Weighing Pullets/hens and Assessing Plumage Condition and Integument Damage. Commencing at wk 6, all birds were individually examined and weighed; this was repeated at 6-to 8-week intervals until the termination of the experiment at wk 40. The method of plumage and integument assessment was adapted from Tauson et al. (2005) and Bilčík and Keeling (1999) , with 7 body areas examined (head, neck, back, rump, tail, sides, and vent). Plumage damage was recorded if feathers on the particular body area were broken or missing, exposing the white under-feathers or bare skin. Integument damage was recorded if there was a fresh wound at a site. Both PD and integument damage were recorded binomially (Yes = 1; No = 0). The same experimenters conducted the assessment each time to ensure consistency.
Feed Used and Eggs Produced. From wk 13 to 34, all feed added per pen was weighed, and at the completion of each wk, the feeders were weighed to determine residual feed and thus calculate feed use. Eggs per pen were counted on 4 d per wk from wk 19 to 39, and the numbers collected from the nest-box unit, the floor, and the range were recorded.
Mortality. A necropsy was conducted by a poultry veterinarian (PJG) for each bird found dead or euthanized during the experiment. Hens observed at any time to be unwell (e.g., were unresponsive, possibly squatting on the ground with puffed feathers) or injured were immediately removed, assessed visually and placed singly in a hospital cage with food and water. As soon as practical, the removed hens were examined to identify symptoms and determine a diagnosis and treatment. The veterinarian determined whether (and when) hens could return to the home pen following treatment. In the case of slight pecking injury to the skin, the wound was treated using Stockholm Tar Compound (Value Plus Animal Health Care Products Pty. Ltd., Eastern Creek NSW, Australia) and the hen returned to the hospital cage before reassessment next morning on whether it could return to its home pen. In the case of more serious injury, the hen was either euthanized or kept in a hospital cage until recovered, before being re-homed. Re-homed hens were recorded as a "mortality," since it was deemed they should not return to the experiment, as the risk of being pecked again (and cannibalized) was too great. The recorded cause of death was based on the veterinarian's assessment.
Litter Quality. At weekly intervals from wk 8 to 36, the litter in each pen was sampled from 5 locations for the full depth (∼5 cm) to the concrete floor, to determine litter moisture and pH. Each sample was lifted using a garden trowel and placed in a plastic container (W × L × D: 13 × 12 × 5 cm), then leveled off without compaction. The 5 samples per pen were mixed in a bucket, before 50 g of the mixture were weighed into an aluminum foil container. The 16 samples per wk were then dried in an oven at 70
• C for 48 h and litter moisture determined based on percentage weight loss. To determine pH, 250 mL of distilled water were added to each dried litter sample, which was then mixed thoroughly and left to stand for 5 minutes. An EzDo waterproof tester, model 7011 (Hydroponic Solutions, Perth, Western Australia) was used to measure pH according to the tester manual instructions. Three measurements were recorded per sample, with the mean used for statistical analysis.
Statistical Analysis
Behavior Observations. Counts of birds within defined locations and behavior data for birds around the mesh basket were collated for each pen for each observation wk, then averaged to provide mean occurrence. Variables per pen in all datasets were adjusted to 50 birds per pen prior to analysis. The data for wk 9 and 20 were based on 64 observations per pen. These were analyzed separately, as pullets were in different life phases (growing vs. early egg-laying). In contrast, the data from wk 24, 27, and 30 were based on 24 observations per pen. Counts of hens in different locations were analyzed using REML linear mixed models (LMM) in GenStat (ver 17), whereas behavior data were analyzed using generalized linear mixed models (GLMM) in GenStat (ver 17) with binomial distribution and a logit link function. Forage and TRM were fixed effects and Side-of-shed block and Pen were treated as random effects. The observations from wk 24, 27, and 30 also were analyzed after adding (where relevant) Week and Indoor/Outdoor Location as fixed effects. Differences due to interaction effects were tested using the least significant difference (LSD) at the 5% level. Treatment interaction means that were significantly different are presented as the transformed predicted mean (tpm) followed by the back-transformed mean (btm) value. Within the text and tables, behavior data are expressed as the btm probability that hens were observed performing the particular behavior during a 30-second period.
Roosting Data. The number of hens roosted at 2300 h on the perches in front of the nest boxes was analyzed using LMM in REML (GenStat, ver 17). The variable analyzed was the number of hens per pen averaged over 7 consecutive nights.
Production Data. Hen growth, feed use, and egg production were analyzed using LMM in REML (GenStat, ver 17). Forage and TRM were fixed effects, and Side-of-shed block (north and south) and Pen were random effects. Pen mean values for bird weight, live weight gain between weighing events, and the coefficient of variation (CV) and uniformity of bird weights per pen were derived from the individual weights. Uniformity of body weight was calculated based on the proportion of birds per pen that weighed either more than 10% heavier, or less than 10% lighter, than the pen mean. Pen feed use and egg production also were analyzed in REML using LMM, with Week added as a fixed effect. Feed use data were analyzed in 2 periods, to examine (1) the effects of TRM on feed use by comparing 3 wk either side of TRM (i.e., wk 13 to 15 vs. 16 to 18), and (2) the effects of egg production from wk 16 until approximately 6 wk after peak-of-lay (wk 34).
Plumage Condition. The number of PD sites per hen was analyzed in Genstat (ver 17) using GLMM with Poisson distribution and a logarithm function, with the main effects as fixed factors and Side-of-shed block and Pen as random effects. Analyses were subsequently repeated adding Side-of-shed block as a fixed effect, to investigate the effects of the side of the shed on the occurrence of PD in the hens. Separate analyses were performed for wk 29, 34, and 40, and a maximum of 7 body sites were assessed on hens.
Hen Mortality. Mortality data were analyzed using survival analysis with censored data based on wk of age, Chi-squared tests, and regression analysis with loglinear modeling based on counts of hens that died or were removed from pens during the experiment due to injury or illness (Genstat ver17).
Litter Quality. Litter moisture content and pH were analyzed in REML using LMM (Genstat ver17), with Week of age added as a fixed effect. Due to apparent differences due to the side of the shed on PD, the litter quality measures were re-analyzed using Side-of-shed block and Week as fixed effects and Pen as a random effect. The litter quality variables were analyzed across wk 8 to 15 and 16 to 36 to cover the pre-laying and laying phases, respectively, as well as particular shorter periods of interest related to the onset of SFP and IP.
RESULTS
Feather Pecking Outbreak
An SFP "outbreak" commenced in wk 26. On occasions, hens were noted to vigorously peck at and pull out a feather(s) from other hens. The rump area, above and to the sides of the uropygial glands and adjacent to the base of the tail, seemed to be the main Table 1 . Effects of Forage and No forage on number of 9-week-old pullets within 0.5 m of specific pen resources, and the likelihood that certain behaviors were recorded within 0.5 m of the forage basket during a 30-second period. Behavioral values are back-transformed mean frequencies. area targeted. With removal or damage to the brown feathers, the white under-feathers were increasingly visible around the base and sides of the tail. The outbreak seemed to be associated with a 13-day rainfall event that commenced at the end of wk 24 (mid-August 2014). Over the first 3 d, 106 mL rain was recorded, and in total 169.4 mL of rain was recorded (Australian Bureau of Meteorology: www.bom.gov.au Brownlow Hill NSW rainfall recording site, which is situated within 100 m of the free-range layer research facility). Internal shed temperatures (mean min and max ± std dev) from 15 to 31 August were 7.1 • C ± 2.18, and 18.6 • C ± 2.07, respectively.
Behavior
At 9 wk of Age. No differences (P > 0.05) were found due to the Forage main effect on the number of pullets located within 0.5 m of the feeder, on the perch unit, or within 0.5 m of the basket (Table 1) . However, pullets were more likely to peck at the basket (P < 0.001), or peck at (P < 0.001) or scratch in (P < 0.001) the litter on the floor near the basket in the Forage than No forage treatment (Table 1) . In contrast, pullets located near the basket were more likely to perform forceful pecks at another pullet in the No forage treatment (P < 0.001; Table 1 ). The mean number of pullets per pen in wk 9 was 56.1 (std dev 1.45; min. 53; max. 58).
At 20 wk of Age. No differences were found due to the Forage or TRM main effects on number of hens located within 0.5 m of the feeder (Table 2) . However, fewer hens in the TRM than Not TRM treatment were observed on the perch unit (P = 0.025), while more were observed near the forage basket (P = 0.034), irrespective of the Forage treatment. Hens in the Forage treatment were more likely to peck at the basket (P = 0.002) and there were Forage × TRM interactions on pecking at the floor litter (P = 0.011). The likelihood of observing the latter behavior was significantly (P = 0.05; LSD 5% = 0.28812) greater in the Forage+TRM (tpm and btm, respectively: -0.1553 and 3.7%) than Forage+Not TRM (-0.4022 and 3.2%) or No forage+TRM (-0.6103 and 2.9%) treatments, which were all greater (P = 0.05) than No forage+Not TRM (-1.6050 and 1.3%). Although there were no differences due to either main effect and no interactions on scratching at the floor litter or performing forceful pecks at another bird in the vicinity of the basket, hens were more likely to dust bathe (P = 0.005) in the TRM than Not TRM treatment (Table 2 ). All 16 pens contained 50 hens. At 24, 27, and 30 wk of Age. The pop-holes to the outdoor ranges were opened in wk 21, so hens could be located either indoors or outdoors during observations conducted in wk 24, 27, and 30. The mean (± std dev; min; max) number of hens per pen during wk 24, 27, and 30 were 49.7 (± 0.48; 49; 50), 48.9 (± 0.68; 48; 50), and 47.9 (± 1.65; 44; 50) hens, respectively. The number of hens within 0.5 m of the feeder did not differ due to the Forage or TRM main effects, and there were no interactions. However, there was an effect of hen age on count (P < 0.001), with fewer hens around the feeder in wk 24 than other wk, and more hens around the feeder in wk 27 than other wk (mean counts in wk 24, 27, and 30 were 4.1, 6.6, and 5.7 hens, respectively; sed 0.38). There was also an effect of hen age on number of hens on the perch unit (P = 0.006), with fewer hens perched in wk 24 than 27 and no difference in wk 30 (mean counts in wk 24, 27, and 30 were 4.0, 5.6, and 4.7 hens, respectively; sed 0.48). While more hens were located within 0.5 m of the baskets in the Forage compared to No forage treatment (2.2 and 1.6 hens/pen, respectively; sed 0.17, P < 0.001), there were also effects due to hen age and observation location (i.e., inside the shed vs. outside on the range). More hens (P < 0.001) were near baskets in wk 24 than 27, and in both wk, more hens were present than in wk 30 (mean counts in wks 24, 27, and 30 were 2.4, 1.9, and 1.4 hens, respectively; sed 0.38). In addition, there were fewer hens within 0.5 m of the indoor than outdoor basket (1.7 and 2.1 hens, respectively; sed 0.14, P < 0.001), despite the area surrounding the outdoor basket being half that surrounding the indoor basket.
More occurrences (P < 0.001) of hens pecking at the basket and at the litter/ground near the basket were observed in wk 24, 27, and 30 if the basket contained straw (Table 3) . Further, for both variables there were also differences (P < 0.001) due to hen age and observation location (i.e., inside vs. outside the shed) (Table 3) . Table 3 shows that while there was no effect of Forage on scratch litter/ground, there were effects due to hen age and observation location on the variable. The occurrence of forceful pecking at another hen near the forage basket differed due to the observation location (Table 3) , with more forceful pecks (P < 0.001) in the outdoor range than indoors, and a tendency for more pecks (P = 0.076) in wk 30 than wk 24 and 27. Although the occurrence of dust bathing near the forage basket was relatively uncommon (e.g., means for wk 24, 27, and 30 were 0.04, 0.08, and 0.32 occurrences, respectively, in a 30-second observation period), there were significant differences due to Week (P < 0.001). As shown in Table 3 , the occurrence of dust bathing in wk 27 was twice that of wk 24, and wk 30 was 4 times that of wk 27.
Nighttime Roosting on Nest-box Perches. Following application of the TRM main effect at wk 16, more hens roosted on the perches in front of the nest boxes in the TRM than Not TRM treatment (mean of 7 nights: 8.1 and 5.4 hens per pen, respectively; sed = 0.696, P < 0.002). There was no difference due to the Forage main effect, and no interactions.
Growth and Feed Use
There were no differences due to either main effect, and there were no interaction effects, on mean bird weight from wk 6 to 40. Similarly, there were no effects on the CV of body weight at any age. Table 4 shows the pooled mean values (±se) for body weight, as well as 2 estimates of body weight consistency: uniformity% and CV. Figure 2 shows the growth curve for the flock from wk 6 to 40, and includes the data points for the heaviest and lightest individuals each weigh-day. Daily weight gain differed (P = 0.015) between wk 34 and 40 due the Forage main effect. Pens with straw maintained body weight between the weighing events, while pens without straw lost weight (0.64 and -0.63 g/d, respectively, for the Forage and No forage treatments, sed 0.947). In addition, between wk 15 and 21, there were Forage × TRM interactions on weight gain. Pullets in the Forage+No TRM and No forage+TRM treatments gained more weight compared to the No forage+TRM treatment (mean gain/d 9.85, 9.23, 9.48, and 9.73 g for the Forage+No TRM, Forage+TRM, No forage+No TRM, and No forage+TRM treatments, respectively; sed 0.234, P = 0.017).
Feed use during the 3 wk either side of the imposition of TRM did not differ due to either main effect, and there were no interactions (mean feed use: 75.8 g/hen/d). Similarly, there were no differences due to the main effects on feed use between wk 16 and 34 (112 g/hen/d). However, during both time periods, there were effects of hen age on feed use (P < 0.001). Average daily feed use per hen ranged from a min. of 72.1 g (wk 16) to a max. of 135.7 g (wk 33). Around peak-of-lay (wk 26 to 27), daily feed use was ∼130 g/hen.
Egg Production and Nest-box Eggs
The first egg was recorded in wk 18, and eggs were obtained from all 16 pens in wk 19. In wk 21 and 24, respectively, 50 and 80% hen-day egg production (HDP) were reached. There were no effects of Forage or TRM, and no Forage × TRM interactions on HDP between wk 19 and 39. As expected, there were effects of hen age (P < 0.001) on HDP. Figure 3 shows the change in HDP from wk 16 to 39 for the 4 interaction treatments.
Although there were no differences due to the main effects on HDP, and no Forage × TRM interactions, there was a difference due to the TRM main effect on nest-box eggs (P = 0.016). TRM hens laid proportionally more nest-box eggs than Not TRM hens in wk 19 to 39 (66.7 and 52.9%, respectively; P = 0.012, sed 6.580). Correspondingly, there were fewer floor eggs in the TRM than Not TRM treatment. There was no difference in floor eggs due to the Forage main effect, and no Forage × TRM interactions. After the pop-holes were opened in wk 21, ∼0.5% of eggs were laid in the outdoor range.
Plumage Condition
No birds were found with PD at assessments prior to and including wk 21. However, between wk 21 and 29, PD occurred such that at wk 29 ∼32% of hens had at least one body site where feathers were damaged and/or missing. PD in the flock progressively worsened over time, and at wk 34 ∼77% of hens had at least one PD site, while at the conclusion of the experiment at wk 40, 98.1% had at least one PD site. Indeed, at wk 40, Table 5 . As indicated in the table, there were only tendencies (0.05 < P < 0.1) for the effects of Forage and TRM on the number of PD sites per hen. In contrast, Side-of-shed block strongly influenced PD, with PD worse for hens housed in south-than north-aspect pens. Although there was only a tendency of this effect at wk 29 (P = 0.077), thereafter the differences were significant (wk 34: P < 0.001 and wk 40: P = 0.007, respectively; Table 5 ). Table 5 also shows the mean number of PD sites per hen for the "worst" rearing-treatment combination (i.e., No forage+TRM). The progressive deterioration in plumage condition is visualized in Figures  4a and 4b to highlight the recorded differences between pens on either side of the shed. Figure 4a presents the change in the cumulative proportion of hens with different numbers of PD sites in north-compared to southaspect pens. Figure 4b shows the temporal changes to the proportion of hens per treatment with at least one PD site, according to the side of the shed. Within all treatment combinations, PD occurred sooner, and advanced more rapidly, for hens penned on the south than north side.
Hen Mortality
Of the 800 pullets housed from wk 16, a total of 66 died (8.3%) by wk 40, or were permanently removed due to health or injury issues and were considered a "mortality." The cumulative counts of deaths from all causes in wk 16 to 40 are shown in Figure 5a for the Forage × TRM interaction treatments, although the Forage × TRM interaction effects were not statistically significant (P = 0.280). However, there were differences due to both main effects on total mortality, with 10.5% mortality in the Forage treatment compared to 6.0% in the No forage treatment (P = 0.012), and 12.0% compared to 4.5% of hens in the TRM compared to Not TRM treatments, respectively (P < 0.001). Of the recorded hen deaths/removals, 56.1% were due to IP (vent pecking: 37.9%; pecking of the rump area: 18.2%), 25.8% were attributed to grass impaction of the crop and gizzard, 15.2% to disease (mainly coccidiosis), and 3.0% to "other" causes (e.g., egg-drop syndrome). There were Figure 4 . (a) Plumage condition as the experiment progressed for birds housed on the north (Nth) compared to south (Sth) side of the experimental shed. Plumage condition was scored at 7 sites per bird at 6-to 8-week intervals throughout the experiment. In the key, "0 sites" indicates that the birds had no PD, whereas "1 site" indicates the birds had one PD site, and so on. Within columns, the cumulative proportions of birds with different numbers of PD sites are shown. An outbreak of severe feather pecking commenced in the flock in about wk 26. (b) Progressive increase in the proportion of hens with at least 1 PD site in the four Forage × TRM interaction treatments, in pens with a south compared to north aspect. There were 2 pens of hens per treatment combination for each shed aspect. When assessed at wk 21, no hens had PD. An SFP outbreak commenced in about wk 26.
Forage × TRM interactions on number of deaths due to vent pecking, with 17 deaths (P < 0.05) recorded due to vent pecking in the Forage+TRM compared to the other treatment combinations (1 to 4 deaths per treatment; see Table 6 ). Although not significant, mortality attributed to IP on the rump occurred for an additional 10 hens in the TRM treatment, compared to 2 hens from the Not TRM treatment. Hen mortality due to disease and grass impaction tended to occur prior to wk 30, whereas mortality due to IP/cannibalism occurred from wk 29 onwards.
Based on side of the shed, more deaths or removals were recorded from south-than north-aspect pens (39 and 27 hens, respectively; Table 6 ) and proportionally more deaths were attributed to IP (71.8 vs. 33.3% of deaths, respectively). The "worst" treatment combination for IP was Forage+TRM, especially if the pen was located on the south side of the shed. The mortality risk from IP was almost tripled in south-over northaspect pens (16 vs. 6 deaths, respectively). The next "worst" risk for IP deaths was the No forage+TRM treatment, when housed in a south-compared to northaspect pen (7 vs. 2 deaths, respectively; Table 6 ). Figure  5b presents the cumulative number of hen deaths due to IP. As shown in the figure, "outbreaks" of IP occurred in some pens around wk 29 to 30 and 37 to 38.
Litter Quality
During wk 8 to 15 and 16 to 36, litter moisture (pooled mean and standard error of the mean) was 32.1% (0.53) and 39.1% (1.09), respectively, and litter pH was 8.83 (0.167) and 9.12 (0.017), respectively. While there were no differences due to either main effect on litter moisture or pH and no interaction T R M  5  1 2  1  4  2  3  3  2  3 2  No forage + TRM  1  3  1  4  3  1  2  1  16  Forage + Not TRM  0  1  0  2  3  1  2  1 
Figure 6. Changes in litter moisture content (upper graphs) and litter pH (lower graphs) from wk 16 to 36, in north-compared to south-aspect pens. A 13-day rainfall event started at the end of wk 24. An SFP outbreak commenced in about wk 26, and a cannibalism outbreak commenced in wk 29 to 30. effects, there were differences (P < 0.001) due to week. While litter moisture and pH in wk 8 to 15 both increased linearly with time (moisture%: 26.7 to 39.3%; pH: 8.134 to 9.061, respectively), in wk 16 to 36, the means fluctuated, seemingly due to weather influences. However, when Side-of-shed block was used as a fixed effect, north-aspect pens had lower pH in wk 8 to 15 than south-aspect pens (8.66 vs. 9.00, respectively; sed 0.032, P < 0.001) and lower moisture content in wk 16 to 36 (38.8 vs. 40.1%, respectively; sed 0.947, P = 0.038). There was no similar effect of Side-ofshed block on pH in wk 16 to 36. The changes in litter moisture and pH in wk 16 to 36 are shown in Figure 6 . As mentioned previously, a rainfall event commenced at the end of wk 24, and 169.4 mL rain was recorded over 13 days. In the 4 wk from the start of the rain event (wk 25 to 28), litter moisture tended to be higher in south-than northaspect pens (42.4 vs. 45.1%, respectively; sed 1.34, P = 0.069). However, there was no corresponding difference in litter pH, which was more alkaline throughout the shed (mean pH increased from 9.0 to 9.6 over a 4-week period; Figure 6 ). There were no differences due to the main effects, no interactions, and no side of the shed effects on pH at that time.
DISCUSSION
An important event during this experiment was that an SFP outbreak commenced in wk 26. By the end of the experiment at wk 40, almost all remaining hens (∼98%) had some PD. Bilčík and Keeling (1999) reported that SFP was positively associated with PD at all bird ages they studied, which covered a similar time frame to our experiment. In addition, when PD commenced in our experimental flock, we occasionally observed hens performing SFP. The initial form of SFP we observed is colloquially termed "silver-backing," in which the ends of the brown feathers on the dorsal surface of the hen are gradually and progressively broken off/removed. The process commences near the base of the tail and progresses anteriorly until the hen's back is a patch of white under-feathers. This was unlikely due to abrasion of feathers, as occurs for older cage-housed hens, and we are confident that the recorded PD was the result of SFP rather than some other cause. PD is progressive since broken/damaged feathers are not "repaired" and are replaced only following a molt, while feathers that are pulled out are not replaced quickly through regrowth.
Two additional observations from our study are of special interest. First, the SFP outbreak commenced well after the birds had been exposed to the respective rearing treatments: Forage (straw) was provided daily from wk 6, and TRM occurred in wk 16, while the SFP outbreak commenced in wk 26. Second, PD was observed in pens with a south aspect about 3 wk before it was noticed in north-aspect pens. Nevertheless, PD was eventually recorded in all 16 pens, although the extent was always greater in south-than north-aspect pens. In the previous year, we also conducted an experiment in the facility and an SFP outbreak occurred. In that experiment, about 74% of hens at wk 41 had PD, and the extent of PD was always greater in south-than north-aspect pens (Cronin et al., 2018) .
Feather-pecking behavior may proliferate in flocks because hens are attracted to peck at broken/damaged feathers (Bilčík and Keeling, 1999) , and they may "copy" feather-pecking behavior through observational learning (Zeltner et al., 2000) . In the present experiment, this seemed to occur across barriers such as wire mesh fences separating adjacent pens and the central shed aisle separating south-from north-aspect pens. While the consensus in the literature is that the underlying causes of SFP are multifactorial and complex (Rodenburg et al., 2013) , and the present findings support that consensus, our results also show that in our research facility at least, the extent of PD was more strongly influenced by the blocking factor "side of the shed" and less influenced by our imposed experimental rearing treatments. Although we were not able to identify "why" the SFP outbreak started, the location on the hens' bodies where pecking was directed was predominately around the rump and base of the tail (uropygial gland area). Despite this, we do not know why the hens were motivated to feather peck this location.
By the completion of the present experiment, almost all hens showed PD (∼98%), although relatively few had died from IP (56% of the 66 deaths, or 4.6% of the original 800-hen flock). Allen and Perry (1975) suggested SFP and IP/cannibalism are separate phenomena, and our findings tend to support that conclusion. Further, our results show that only some combinations of rearing treatments eventuated in IP, whereas other combinations did not. If a cannibalism "outbreak" is defined as a period in which hen deaths due to IP occur regularly (viz., every d or so over a few wk), then we would consider IP outbreaks occurred in 2 combinations of rearing treatments: Forage+TRM and No forage+TRM. Based on Figure 5b , an IP outbreak commenced in wk 29 to 30. Common factors were southaspect pens in which the TRM main effect was imposed. Comparing the 2 interaction-treatment combinations involving the TRM main effect, the presence of Forage resulted in about 4-fold more IP deaths than No forage. There was no evidence of IP outbreaks among the Not TRM rearing treatments, despite hens displaying PD or being housed in south-aspect pens. Although a "minor" IP outbreak occurred in wk 37 to 38 in the Forage+TRM treatment in pens with a north aspect, most IP deaths, nevertheless, occurred in south-aspect pens associated with the TRM rearing treatment.
IP was attributed via necropsy to 2 causes, vent pecking and pecking directed at the rump, especially near the uropygial (preen) glands. As previously mentioned, SFP also seemed to be initially focused around the uropygial gland area. Dust bathing, feather oiling, and preening are behaviors performed to maintain feather condition, and that involve secretions obtained from the uropygial glands (Jacob and Ziswiler, 1982; van Liere and Bokma, 1987) . Blokhuis (1986) found chicks deprived of litter in early life showed increased preening as pullets, while Vestergaard et al. (1997) and Olsson et al. (2002) found that frustration of dust bathing in hens increased physiological and behavioral stress responses, including displacement preening and feather pecking. It is also relevant that Vestergaard et al. (1993) found a strong negative relationship between asynchrony within groups around socially facilitated dust-bathing behavior and SFP, with asynchrony of dust bathing accounting for about 80% of the variance in the occurrence of SFP. However, Dixon et al. (2008) , among others, concluded that SFP derived from frustrated motivations to forage rather than frustrated motivations to dust bathe. Nevertheless, interpreting the findings of Vestergaard et al. (1993) and Olssen et al. (2002) in relation to the conditions that occurred within the experimental shed in the present experiment, and especially in pens with a south aspect, could provide important clues to help explain our findings in relation to onset of SFP-PD.
Consideration of possible factors associated with the onset of SFP-PD highlighted a rainfall event that commenced at the end of wk 24. The persistent wet and cold winter conditions caused the outdoor ranges to remain wet for about 2 weeks. Although not quantified, hens also may have avoided the range during the rain. Corresponding higher bird densities inside the shed may have had concomitant effects, such as increasing hen frustration and excretory output, etc., the latter perhaps contributing to why the litter inside the shed also became and remained damp. While moisture content of the litter was ∼5% higher in south-than north-aspect pens, litter pH did not differ and was relatively similar throughout the shed. However, as indicated in Figure 6 , shed litter pH increased in wk 27 to 30. Ammonia concentrations would have increased concomitantly with higher litter alkalinity (Dunlop et al., 2016) . How this rainfall event potentially precipitated the SFP-PD outbreak, especially in the south-aspect pens, requires consideration. An SFP-PD outbreak was recorded previously by Cronin et al. (2018) in the experimental shed, coinciding with a 12-day rain event in winter.
There were obvious differences in solar radiation on the north compared to south exterior wall of the shed, under the veranda areas and on the ground of the corresponding ranges. Despite the rain, the ground (predominantly river pebbles) beneath the north-side veranda area remained relatively dry, possibly due to the solar radiation, overhead veranda roof, and good drainage. South-aspect pens differed in several ways from northaspect pens, including colder conditions and damper litter. Damp litter/soil may limit the availability of "suitable" dust-bathing sites. In a study of ruffed grouse in the wild, Hein (1970) reported that wet soil delayed dust bathing until the soil dried. In the present experiment, dust bathing was recorded more frequently after than before the rain event, with twice the incidence in wk 27 than 24, and 4 times the incidence in wk 30 than 27. These observations may reflect hens needing to "queue" for limited sites with suitable dust-bathing substrate. Although the litter appeared to be drier in north-than south-aspect pens between wk 26 and 30, the difference was not statistically significant (moisture: 38.0 vs. 39.9%, respectively). Unfortunately, we did not record the occurrence of "caking" of the litter surface, e.g., as the litter dried out. Caking and friability of the litter surface may influence the availability or suitability of dust-bathing substrate. Based on Vestergaard et al. (1993) , lack of suitable dust-bathing sites could contribute to the increased incidence of SFP in general, and this could help explain why the onset of SFP-PD was worse in south-than north-aspect pens. Nevertheless, this is highly speculative without more evidence.
Our first hypothesis tested whether straw would increase foraging behavior and result in better plumage condition. More specifically, if foraging behavior was limited, the risk of SFP would increase. Studies investigating the addition of substrate (various forms of litter) in early rearing, compared to no substrate (wirefloor), generally indicate that without substrate, more forceful pecking occurred and the risk of SFP increased (Blokhuis and van der Haar, 1989; Huber-Eicher and Wechsler, 1997 Wechsler, , 1998 Johnsen et al., 1998; Jones et al., 2004) . In the present experiment, we provided all pens with ∼5 cm deep hardwood shavings from d 1. Pens were partially cleaned out at weekly intervals and topped-up with fresh litter, which served as a general foraging substrate. In addition, from wk 6 onwards, added forage was provided daily in the Forage treatment pens in the form of straw in a mesh basket. The straw was attractive and stimulated foraging, since birds pecked more at the basket, and pecked and scratched more in the litter near the basket, in the Forage than No forage treatment. In addition, in the absence of straw (i.e., No forage treatment), forceful pecks directed at pen-mates near the basket were more likely to be recorded. Aerni et al. (2000) also used straw to stimulate foraging behavior. In their factorial experiment, long straw vs. no straw and pellet vs. mash diets were provided to hens from 19 wk of age. While straw was found to increase foraging behavior, an interaction effect of no straw and pelleted feed was reported, with more SFP and worse PD recorded compared to the other treatment combinations. As mentioned, while our findings support the observation that straw increased foraging behavior, our results are contrary to expectation with only a tendency for added straw to reduce PD at wk 29, but not thereafter. A similar and unexpected finding was that hen mortality (for all causes) was higher in the Forage groups than in the No forage groups. Further, mortality from IP was proportionally higher for the treatment combination Forage+TRM. We propose that although the daily supply of straw in the basket stimulated foraging behavior, the straw was probably also perceived by hens as an important but limited resource. Thus, rather than the straw per se simply providing enrichment to stimulate foraging, the straw may have contributed to increased competition and social stress. Had ad libitum straw been provided widely dispersed throughout pens, then a different result may have occurred. Nevertheless, our first hypothesis in relation to SFP was not supported.
The second hypothesis was that increased stress would increase the occurrence of "forceful" pecking between birds and result in worse plumage condition. Stressors imposed in the TRM main effect were a combination of transport, relocation, and mixing. Similar stressors have been applied experimentally by Anthony et al. (1988) and , among others, in studies of behavioral and physiological responses to stress in layers, including social stress from forced "social rearrangement" of a stable peck order. While adaptation by chickens to some short-term (acute) stressors occurs relatively quickly (Siegel, 1980) , social stress from mixing with unfamiliar conspecifics seems to present a longer-term adaptation challenge. Following mixing, hens need to reform the dominance hierarchy, which potentially may require some mo (Choudary and Craig, 1972) . Regrouping of hens to induce social stress typically results in more enduring behavioral (increased agonistic behavior: Choudary and Craig, 1972; ) than physiological responses (elevated glucocorticoids or heterophil: lymphocyte (H: L) ratio: Anthony et al., 1988) . Although we did not measure physiological stress responses (viz., glucocorticoid concentrations or H: L ratio), we did record behavioral responses. Interestingly, TRM increased dispersal of hens at nighttime roosting. Overnight in TRM treatment pens, hens were less uniformly spaced on the main perch unit, resulting in fewer hens roosting there. Correspondingly, more hens roosted on the newly available perches in front of the nest boxes. An unexpected finding was a higher proportion of nest-box eggs in TRM pens (and fewer floor-laid eggs). We suggest this response may reflect social avoidance due to increased agonistic behavior, indicative of increased social stress following regrouping in the TRM pens. Following TRM, direct behavior observations did not occur until wk 20, when no difference in forceful pecks was found. Although there was a weak effect of TRM on PD at wk 29, the SFP-PD outbreak was still in the early stages (see Figures  4a and 4b) . By the subsequent plumage assessment in wk 34, the difference in PD due to side of the shed was overwhelmingly greater than differences due to the Forage or TRM main effects. Thus, in relation to SFP being a result of the stressors we imposed, the second hypothesis must be considered inconclusive.
Hen Mortality
Overall, both main effects influenced hen mortality. TRM had a strong effect on hen mortality from all causes, with almost 3 times the number of deaths in the TRM than Not TRM treatment. In comparison, and unexpectedly, there were more deaths from all causes due to the Forage than No forage main effect. The main cause of death was IP, which accounted for 56.1% of hen mortality, followed by grass impaction (25.7%), then disease/other (18.2%). Grass impaction deaths mainly occurred in wk 21 to 28, and there were no differences due to treatments. Our findings agree with other studies (e.g., Kjaer and Sørensen, 2002 ) that hens can die from eating long fibrous grass blades that compact in the crop/gizzard. Affected hens were typically underweight at necropsy, probably having reduced feed intake due to the impaction.
As stated, IP was the main cause of mortality in our experiment. Further, most IP deaths occurred in the Forage+TRM and No forage+TRM treatment combinations, especially if the pen was located on the south side of the shed. The present findings therefore raise questions regarding the additive nature of factors involved in initiating onset of both SFP and IP. We propose that SFP and IP were initiated by key stimuli, particularly associated with conditions in the south-aspect pens.
While the TRM main effect was influential in causing IP, the risk of IP death was greater in south-than north-aspect pens and especially for the Forage+TRM treatment combination. To a lesser extent, IP deaths also occurred in south-aspect pens in the No forage+TRM treatment. The findings indirectly support our second hypothesis that elevated stress is involved in the occurrence of SFP and IP. The evidence may be circumstantial, as we did not record increased occurrence of forceful pecks due to the TRM main effect. However, behavior observations were recorded only in the vicinity of the mesh baskets, and vigorous pecks/SFP may have occurred in other locations in the pen or on the range. While our imposed experimental rearing stressors are likely to be additive, other factors were clearly involved, such as those related to differences between the sides of the shed. The additive nature of stressors and adverse consequences of accumulated stress on biological functioning ("allostatic overload") have been proposed (see McEwen, 2004; Korte et al., 2009; McEwen and Wingfield, 2010) and may be relevant in the development of stress-induced pathologies such as SFP and IP/cannibalism.
In summary, PD from SFP was more influenced by side of the shed than our "imposed" rearing treatments, with the predominant focus of forceful pecking being the rump/tail area. Combined stressors predominantly present in south-aspect pens, including cold stress per se, reduced opportunity to forage or dust bathe, discomfort from contact with wet, alkaline litter, and other unknown factors, may have initiated SFP. However, the subsequent onset of IP appeared to involve a 2-step process. For example, SFP-PD needed to occur before IP/cannibalism was initiated. Nevertheless, the findings suggest "stressors" were involved, and these may have had cumulative adverse effects on the hens. Clearly, factors within pens on the south side of the shed, social stress from re-grouping, and competition for straw forage may have been relevant. Similar to the SFP outbreak, the motivational basis for IP is unknown.
Effects on Production
The rearing treatment combinations had only minor effects on production variables measured in the experiment. In the last phase of the experiment (wk 34 to 40), body weight gain differed due to the Forage main effect. All grass/herbage had been consumed on the ranges within 2 wk (i.e., by wk 23), and although the Forage treatment received a daily supply of straw, straw contains little or no nutrient content. Nevertheless, Forage hens were able to maintain body weight, whereas the No forage hens lost weight. Svihus (2011) indicated that ingestion of fiber such as straw stimulates the function of the gizzard, and this may have improved nutrient absorption by the gut.
Compared to the ISA Brown Management Guide (2010), HDP was below expectation, although it should be stated that data provided in the Guide are for hens housed in cages rather than free range. Lower HDP appears to be a common concern of free-range producers (Singh and Cowieson, 2013) and may have been associated with reduced nutrient intake or high incidence of floor eggs (which increases the risk of egg eating/broken eggs) among other reasons. As indicated in Figure 3 , peak-of-lay occurred around wk 26 to 27 (as expected). However, dips in HDP were noticeable around wk 22 to 25, 26 to 28, and 29 to 38. These dips may have been associated with hens (1) having initial access to the ranges where there was plenty of grass/herbage, (2) the onset of the SFP outbreak, and (3) the outbreak of IP/cannibalism, respectively. Based on raw data, HDP in wk 22 to 25 was ∼10.3% lower than expected; this coincided with initial access to the range (and grass). HDP from pens in the Forage compared to No forage were on average 12.4 and 8.2% lower, respectively. In wk 26 to 28, when the SFP outbreak was spreading through the flock, HDP was reduced on average by 5.7%. However, once the IP/cannibalism outbreak had commenced (e.g., wk 29 to 38), the average dip in HDP was about 7.8%, with the treatment most affected (Forage+TRM) recording a 10.9% dip. The overall proportion of floor eggs was higher than desired in industry, and this was probably due to providing all pens with floor litter throughout the experiment.
CONCLUSIONS
The unexpected relationships found in this experiment could help direct future research to identify the multifactorial nature of SFP and IP/cannibalism outbreaks. For example, following an extended period of rain, PD was more associated with the colder, damper south-aspect pens than the experimental rearing treatments. IP commenced in the TRM-treatment pens on the south side, with IP deaths more common in the Forage+TRM than No forage+TRM treatment. We suggest that factors associated with this rainfall event predisposed the flock to SFP, while multiple factors such as winter cold, muddy ranges, and damp floor litter with elevated pH, among others, coincided, and hens were more adversely impacted in south-aspect pens. Once initiated, SFP possibly spread between the pens. Thus, the outbreaks of SFP-PD and IP/cannibalism that occurred in this experiment may assist us in understanding this complex behavioral and welfare problem. A prospective area for future research might be stress-induced behavioral pathology, and the apparent coincidence between a long-lasting rain event and initiation of the SFP outbreak may provide valuable clues for modeling the onset of SFP-PD and IP/cannibalism in future investigations.
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